By comparative sequence analysis of the herpes simplex virus type 1 DNA polymerase gene of strain Angelotti and a phosphonoacetic acid-resistant (PAA9 derivative, the site of the PAA r mutation was identified as a single nucleotide (C --, T) conversion within the mapping limits of the known PAA r mutations of strains KOS and 17. The conservative amino acid change at residue 719 from alanine to valine results in a radical change in the properties of the polymerase, rendering the mutant enzyme resistant to PAA and various antiviral compounds. Amino acid homologies as well as secondary structure analysis reveal that the PAA ~ mutation is contained in a 14 amino acid sequence which is highly conserved, and detected in the central domain of prokaryotic and eukaryotic DNA polymerases.
The herpes simplex virus (HSV) DNA polymerase represents one of the major target enzymes of modern antiviral chemotherapy. The unique response of the enzyme towards antiherpetic drugs, and the ease by which drug-resistant variants with altered enzymic properties are isolated, have rendered the HSV polymerase gene an excellent model system for correlating genetic changes with altered enzymic functions. Biochemical studies on the polymerase activity of HSV type 1 (HSV-1) and type 2 variants and intertypic recombinants reveal that mutations causing resistance to the pyrophosphate analogue phosphonoacetic acid (PAA) also render the enzyme resistant to nucleoside analogues (Furman et al., 1981 ; Knopf et al., 1981 ; Coen et al., 1982) . The mutually exclusive inhibition of the wild-type enzyme by pyrophosphate and nucleoside analogues suggests that the binding sites for dNTP and PP~ are kinetically overlapping (Frank & Cheng, 1985) . By marker rescue studies (Chartrand et al., 1979; Coen et al., 1984) and sequence analysis (Gibbs et al., 1985) , the limits for the PAA resistance (PAA r) mutations of strains KOS and 17 were narrowed to a region between amino acid residues 535 and 924. Owing to the extended homologies noted between the predicted DNA polymerase proteins of herpesviruses, poxviruses and adenoviruses (Quinn & McGeoch, 1985; Gibbs et al., 1985; Earl et al., 1986) , this C terminal domain has been proposed to participate in the organization of the catalytic site of the enzyme.
In the absence of crystallographic data, one way to obtain information on the structure of the catalytic site is to determine the sequence changes in mutants that alter the enzyme's behaviour towards substrate and substrate analogues. In this report, we present an analysis of the differences in structure and function of the DNA polymerase genes of wild-type HSV-1 strain Angelotti (ANG) and of a PAA ~ variant. The latter virus was selected for resistance to PAA by sequential passages ofHSV-1 ANG in Rita cells (RC-37) at a PAA concentration of 300 ~tg/ml, and was plaque-purified three times. This PAA r variant (isolate number III-2) was equally resistant to PAA (e.o.p. + 100 lag/ml PAA, 1.04 + 0-2) and acyclovir (ACV; e.o.p. + 50 ~tM-ACV, 1.0 + 0.15), and otherwise exhibited the growth properties (ratio of titres at 34 °C to 0000-7502 © 1987 SGM 
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38"5 °C : 0"9 + 0"2), and the thymidine kinase activity of the wild-type strain. The PAA r ANG polymerase, purified as described (Knopf, 1979) , was up to 50-fold more resistant to PAA (Ki, 0.92 mM) araATP (K~, 21 ~tM), araCTP (K~, 113 ~tM) and 2',Y-dideoxyGTP (Ki, 0.65 mM) than the wild-type enzyme. Therefore the pol locus was the site of the PAA r mutation. Comparison of the enzymic activities of the wild-type and PAA r polymerases in the presence or absence of PAA further showed that the mutation affected both the polymerizing and the 3' to 5' exonuclease activities to the same extent (Table 1) . Identical results have been reported for the DNA polymerase of strain KOS and its PAAr'5 derivative . To assess the site of the PAA r mutation within the pol gene unambiguously, the nucleotide sequence was determined from a cloned 11.1 kbp ClaI fragment of the PAA r ANG variant. Regions with a sequence composition differing from the published wild-type pol sequences (Quinn & McGeoch, 1985; Gibbs et al., 1985) were sequenced again using subcloned wild-type DNA fragments. In this way, the complete wild-type AN G pol sequence was determined (Knopf, 1986) . The PAA r ANG mutation was identified as a single C ~ T nucleotide conversion at position 2496 (Knopf, 1986) , which resulted in the conservative amino acid substitution, alanine to valine, at amino acid residue 719. The mutation lies within the limits previously determined for PAA ~ mutations, including PAA~-5 (Gibbs et al., 1985) . Identical conservative substitutions have been reported to affect temperature lability of proteins, for example the tsK mutation of the HSV-1 immediate early protein Vmwl75 (Davison et al., 1984) , a ts mutation of the HSV-1 glycoprotein gB (P. Spear, personal communication), and the f47ts mutation of the Drosophila segmentation gene fushi tarazu (Laughon & Scott, 1984) . Since mutant and wild-type virus showed identical temperature sensitivities, we examined whether the amino acid sequences at the site of the PAA ~ mutation contained any peculiar features that could explain the dramatic alteration of the enzymic properties by this fairly conservative amino acid change. In addition, we asked whether more information on the importance of the mutated site could be gained by a sequence comparison with prokaryotic and eukaryotic DNA polymerase sequences. An alignment search between the 43 amino acid residues flanking the site of the HSV-1 ANG PAA r mutation and the available DNA polymerase sequences showed (Fig. I a) that the central domain of the DNA polymerases of herpesviruses [Epstein-Barr virus, EBV (Baer et al.,1984) and varicella-zoster (a) Alignment (Smith et al., 1981 ; search window 20) and secondary structure prediction (Robson et al., 1976; Garnier et al., 1978 ; potential averaged over eight residues) of 43 amino acid residues of the HSV ANG polymerase containing the PAA r site (asterisk) with the polymerase sequences of EBV, VZV, vaccinia virus, Ad2 and qb29. Identical and conserved amino acids scheme of Argos et al., 1986) are marked by boxes and dots, respectively. The homologous core sequence is bracketed. At the right, the percentage of conserved residues is given, and the statistical significance of the homology to the HSV sequence, considering only identical residues, is stated as n-fold s.D.s of the original alignment score over the mean of 100 randomized sequences of the same length and composition as the two sequences compared. (b) Profiles of protein chain flexibility (Karplus & Schulz, 1985) of the sequences in (a) calculated from the weighted sum of normalized B values of seven residues. The x axes start at residue -5, plots at residue 1. A y value of 1 indicates average flexibility of the protein chain. The alteration of the HSV profile by the PAA r mutation is shown by a dashed line. (c) Hydropathy profiles (Kyte & Doolittle, 1982) of the sequences in (a) using the values of Hopp & Woods (1981) , and a gliding window of 20 residues. The positive and negative y axes represent the averaged hydrophilicity and hydrophobicity values, respectively. The x axes start at residue -60, plots at residue -50. The residue position relative to the PAA r site is marked by arrows and filled circles.
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virus, VZV (Davison & Scott, 1986) ], poxviruses [vaccinia virus, Vac (Earl et al., 1986) ], adenoviruses [adenovirus type 2, Ad2 (Alestr6m et al., 1982) ], and Bacillus subtilis bacteriophage q~29 (Yoshikawa & Ito, 1982) contain a sequence stretch of significant homology to the HSV-1 PAA r site. The site of the mutation is confined to a 14 amino acid core sequence with the greatest homology to the aligned polymerase sequences. In contrast to the homology to the prokaryotic q~29 polymerase, which may reflect convergent evolution of sequences with special properties, the homologies to the viral enzymes are taken to represent evolutionary conservation, whereby the VZV polymerase exhibits the greatest, and the adenovirus the least evolutionary relatedness to the HSV sequence. Interestingly, except for VZV for which no data are available, all of these enzymes possess an associated nuclease activity (Knopf, 1979; Chalberg & Englund, 1979; Kallin et al., 1985; Field et al., 1984; Watabe et al., 1984) . Another interesting feature is the conserved positioning of aspartic acid and tyrosine residues, separated by four amino acids, with the alanine to valine substitution site between these two residues in a region of apparent lower homology. Aspartic acid and tyrosine residues have been shown to be involved in protein-metal interactions (Liljas & Rossman, 1974) , and in protein-metal-phosphate-oxygen interactions in the dNMP binding site of the Escherichia coli DNA polymerase I protein (Ollis et al., 1985) .
Secondary structure predictions for the aligned polymerase sequences further show structural relatedness, as illustrated in Fig. 1 (a) . Except for the adenovirus sequence, an identical structural composition of the conserved core sequences can be predicted: a turn or coil structure is flanked by extended fl-sheets. The PAW mutation is predicted to alter the local conformation of the HSV polymerase protein from or-helix to fl-sheet. That this change causes a reduction of flexibility in the PAA r protein chain can be demonstrated by analysing the temperature factors, i.e. B-values of the Ca atoms as a measure of chain flexibility (Karplus & Schulz, 1985) of wildtype and mutant sequences (Fig. 1 b) . The PAW mutation leads to a large decrease (by 0.035 B .... values) in the flexibility of the protein chain at this site. The HSV-1 ANG PAW as well as the Ad2 protein chain exhibit a minimum of flexibility at the mutated site, whereas all the other proteins show about average flexibilities. Related to this may be the finding that only adenoviruses induce a wild-type DNA polymerase with a PAA r phenotype (Bolden et al., 1975) .
The hydropathic character of the aligned polymerase sequences was computed for 160 amino acid residues flanking the site of the PAW mutation, and is shown in Fig. 1 (c) . The conservative substitution has little effect on the hydropathic profile of the HSV protein chain. The PAW mutation is buried in a predicted hydrophobic pocket, comprising just the 43 amino acid residues aligned in Fig. 1 (a) , which suggests that the substituted residue is part of an internal component of the protein molecule. A similar hydrophobic environment is common to all the aligned sequences. This result stresses again the high degree of conservation of the 14 amino acid core sequence, which is proposed to be a constituent of the pyrophosphate-binding site of the catalytic centre of the enzyme.
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